The polarization properties of the amplified spontaneous emission (ASE) in the deep-UV wavelengths from AlGaN/AlN structures with 70% Al content have been investigated. Samples are prepared through a novel liquid phase epitaxy mode leading to strong compositional fluctuations. Large net modal gain is quantified to 230 nm after femtosecond UV optical pumping by the variable-stripe length technique. A strong transverse electric (TE)-polarization mode of the amplified emission has been demonstrated, together with an unpolarized emission giving rise to absorption only. These measurements provide an important observation in order to understand the origin of the optical gain in AlGaN alloys with high Al content. # 2012 The Japan Society of Applied Physics I n recent years, the demand for compact deep-UV sources has increased due to potential applications in free-space communications, biochemical agent detection, disinfection, and medical diagnostics. Group-III nitrides, particularly AlGaN materials, are especially suited to cover the UV spectral range by varying the Al content.
I
n recent years, the demand for compact deep-UV sources has increased due to potential applications in free-space communications, biochemical agent detection, disinfection, and medical diagnostics. Group-III nitrides, particularly AlGaN materials, are especially suited to cover the UV spectral range by varying the Al content.
1) Sub-300 nm AlGaN-based light emitting devices have been demonstrated with an internal quantum efficiency of 50% at 250 nm 2) and a power efficiency of 40% at 240 nm.
3) Currently, an intense investigation is targeting the deep-UV lasing from these materials. Recent theoretical and experimental works on AlGaN multi-quantum wells (MQW) suggest the possibility of achieving lasing at wavelengths as short as 220 nm. [4] [5] [6] [7] [8] Moreover, large optical gain at room temperature with low threshold values has been recently demonstrated and quantified in novel AlGaN MQW structure designed in order to take advantage of strong band-structure potential fluctuations. 9) One of the issues still under debate in the literature is the origin of the gain and its polarization properties. The transition between the conduction band and the top valence band is mainly transverse electric (TE) polarized for GaN, and transverse magnetic (TM) polarized for the c-planeoriented AlN heterostructure. 10) A turnover point is expected in the AlGaN material, depending on the Al content, material strain, and thickness of the well. Zhang et al. 11) calculated the band structure and material gain of 3 nm AlGaN QWs. Above 60% Al, they expect a large TM material gain, while, the TE spontaneous emission rate becomes negligible with increasing Al content. Yamaguchi found an abrupt polarization switch at an Al composition of 76% if the thickness of the well was 1.5 nm. 12) Moreover, considering a (0001)-oriented c-plane AlGaN/AlN QW structure (well thickness is 2.5 nm), Park 13) found a turnover point occurring above 80% Al content. Some experimental evidences confirm that for a wavelength as long as 267 nm, the laser emission at low temperature is still TE polarized. 8) Note that all the calculations consider the well as the active region. Compositional fluctuation introduces a different order, and the role of the fluctuations in the optical emission has received much less attention. 9) In this letter, we report on the polarization properties of the amplified spontaneous emission (ASE) of the AlGaN/ AlN MQW structure with strong compositional fluctuations under femtosecond optical pumping. We demonstrate that ASE is TE polarized, while the TM emission gives rise to absorption in the material.
The investigated samples consist of a 0.5-m-thick AlN cladding layer, followed by 10 periods of Al 0:7 Ga 0:3 N (1.5 nm)/AlN (40 nm) MQWs and a 100 nm AlN cladding layer. A schematic picture of the sample is shown in Fig. 1(a) . For this set of compositions and layer thicknesses, and assuming ideally uniform MQWs, a six-band kÁp calculation based on a commercial simulation tool (NextNano 3 ) indicates that the top most valence subband has a heavy-hole character, and therefore, its optical matrix elements with the conduction subbands are predominantly TE polarized. The calculated valence-band structure is shown in Fig. 1(b) , where each subband is labeled based on the character of its Bloch function. The number of QWs was selected to optimize the tradeoff between vertical optical confinement and material gain for a fixed number of injected carriers.
14)
The samples were deposited on the Si-face of (0001) 6H-SiC substrates by molecular beam epitaxy (MBE) at the substrate temperature of 770 C using an rf plasma source for nitrogen activation. The AlN layers were grown under stoichiometric conditions, while the Al 0:7 Ga 0:3 N wells were grown under Ga-rich conditions (Al+Ga > active nitrogen). Since the stoichiometry of the AlGaN film is determined only by the Al flux, 15) excess liquid Ga accumulates on the surface of the growing AlGaN film. Growth under these conditions proceeds through saturation of the liquid Ga covering the surface of the growing film with nitrogen and aluminum, followed by subsequent crystallization from the melt onto the underlying AlGaN seed. 2, [16] [17] [18] This growth mode is liquid phase epitaxy (LPE) rather than physical vapor epitaxy. While in traditional LPE, the driving force is the gradient temperature between the liquid and seed, in the proposed mode, the driving force is the concentration gradient due to the constant supply of active nitrogen and Al. Due to lateral thickness fluctuations of the liquid gallium on the growing surface, this growth mode leads to lateral compositional inhomogeneities in the wells introducing band-structure potential fluctuation beyond the statistical ones due to the alloy disorder.
The variable-stripe length (VSL) technique is a wellestablished methodology for measuring the optical gain coefficient. [19] [20] [21] [22] The ASE is measured as a function of the excitation length L, pumping through the surface and collecting from the sample edge [see Fig. 1(a) ]. ASE data are usually interpreted within a one-dimensional (1D) optical amplifier model, whose validity and assumptions must be carefully verified, as fully discussed elsewhere. 23, 24) The net modal gain G of an optical material is related to the exponential growth of the ASE intensity in a VSL scan as described by
where J sp ðÞ is the spontaneous emission intensity emitted within the solid angle . In addition, the entire net modal gain spectra of optical materials can be unambiguously extracted, under any given pumping condition, by comparing two ASE wavelength spectra collected during a VSL scan at two excitation lengths L and 2L, and using the following relation:
The excitation system consists of a tunable ultrafast high-power laser (SpectraPhysics MaiTai), 80 MHz repetition rate, and 150 fs pulse duration, which is used to pump a fourth-harmonic generator crystal (SpectraPhysics GWU-24FL). The pump beam consists of ultrafast pulses at 220 nm, which are focused on the sample surface through a cylindrical lens. The beam profile along the excitation region has been measured through the knife-edge technique, and a maximum stripe length of 300 m has been utilized to guarantee a homogeneous illumination of the sample during the VSL scans. The maximum available fluence on the sample was 15 J/cm 2 . The excitation stripe length was varied through a motorized computer-controlled stage, and the ASE signal was collected from the cleaved edge of the sample through a UV-transmitting objective, a movable analyzer, a computer-controlled f =4 monochromator, and a lock-in amplifier coupled to a photomultiplier tube. Figure 2 (a) shows the ASE spectra recorded for the two different polarizations, TE (red line) and TM (black line), under exactly the same excitation conditions. The TM spectrum shows a broad emission [its full width at halfmaximum (FWHM) is 13 nm] centered at 250 nm, while the TE emission spectrum is the composition of at least 3 narrow peaks overlapped with the same broad emission on the red side. Accordingly, the multiple Gaussian peaks best-fit procedure results in the overlap of four different emissions. Three of them are peculiar to the TE emission and are centered at 234, 240, and 247 nm with FWHMs of 6, 4, and 5 nm, respectively. These are very narrow emissions that can be attributed to different light sources inside the wells, probably arising to different energy levels introduced by different potential fluctuations.
To further investigate the properties of this emission, we have collected the ASE spectra by rotating the analyzer at different angles, and we have measured the intensity of each contribution after fitting the experimental spectra as a sum of four Gaussian curves. We report the ASE intensity relative to the different contributions as a function of the analyzer angle in Fig. 2(b) . The broad emission centered at the longest wavelength is totally unpolarized. In contrast, the emissions at the other wavelengths are strongly TE polarized, in the same plane of the MQW structure. This is the first clear indication that the ASE occurring in this material is in the TE mode, consistent with the predicted valence-subband ordering shown in Fig. 1(b) . Figure 3 shows the ASE peak intensity at the two different polarizations as a function of the pump fluence. Red dots refer to the contribution given by the TE peak centered at 240 nm, while black dots refer to the unpolarized contribution recorded at 254 nm in the TM-corresponding analyzer angle. The continuous line is an exponential fit of the experimental data. The TE emission exhibits a clear superlinear dependence vs the pump fluence. This evidence is suggestive of the amplification of SE in the active material. In contrast, the unpolarized emission has a sublinear trend with the pump fluence, thus excluding the possibility that any SE process occurs. We performed VSL scans at two different wavelengths under exactly the same experimental conditions, for the highest available pump fluence. VSL traces are reported in the inset of Fig. 3 . Data were normalized at their saturation value in order to facilitate the direct comparison. A fit using the model [eq. (1)] has been performed taking into consideration the data before the experimental saturation gain threshold. Black dots have been recorded at 254 nm, while red squared points refer to the 240 nm emission. The different concavities of the two traces are clear fingerprints of the two different mechanisms involved in the sample. The VSL traces yield loss values in the material for the unpolarized emission, in accordance with its sublinear dependence with the pump fluence. From the fit of these data, we can extract modal absorption values of about 22 cm À1 . On the other hand, by moving the analyzer to the TE polarization, the curvature of the VSL trace turns into positive values, clearly indicating the presence of optical gain in the material. After the best-fit procedure, we measure a net modal gain value of 52 AE 4 cm À1 . We have collected ASE spectra at two excitation lengths (75 and 150 m) by setting the analyzer at the angles corresponding to the two different polarizations. Following eq. (2), we show in Fig. 4 the net modal gain spectra in the entire range of wavelengths. The gain spectrum corresponding to the unpolarized emission is featureless and negative in value, indicating that the material is well into the absorbing regime, consistent with the previous data. In contrast, by looking at the TE polarization, the gain spectrum shows positive values. Furthermore, we can notice that this gain spectrum converges to zero gain on the low-energy side. At this zero-crossing region, we extract the average energy gap for the material, 4:6 AE 0:2 eV.
In conclusion, we have investigated the gain properties and polarization of AlGaN/AlN MQWs containing strong compositional fluctuations under femtosecond pumping by the VSL technique. Optical gain develops in these structures to 230 nm and we have unambiguously determined its TE nature. These polarization properties are consistent with the predicted behavior of ideal MQWs based on the target compositions and layer thicknesses, despite the strong compositional inhomogeneities that are intentionally introduced in the active layers. 
